Abstract. A Monte Carlo model is developed to calculate the microwave emissivity of the sea surface based on the Kirchhoff approximation combined with modified Fresnel coefficients. The modified Fresnel coefficient depends on the incident angle of the electromagnetic wave and the height variance of small-scale roughness, which is an approximation to account partly for the scattering effect from small ripples. The advantage of the Monte Carlo model is its inherent capability to treat multiple scattering events. Using a two-dimensional Gaussian distribution for the sea surface slope variability, the model is capable of simulating the azimuthal dependency of the microwave emission caused by the alignment of waves perpendicular to the wind direction. Good agreement between model calculations and measurements is obtained.
Foam and Roughness of Sea Surface
Foam is produced by the mixture of air and water and is generated by large wind speeds. The air volume fraction in the foam is about 0.95. The foam coverage may be expressed by [Tang, 1974] The sea surface roughness is commonly described by the roughness spectrum of the sea surface. We choose the angularindependent roughness spectrum S(K) from Bjerkaas and Riedel [1979] and an angular function of cos 2 a according to Pierson et al. [1955] , where K is the wavenumber and a is the azimuth angle away from the upwind direction. The roughness spectrum S(K) is assumed to be a function of the friction velocity of the wind only. The mean slope variance of a rough sea surface is then calculated from its roughness spectrum by
= --K2S(K) dK cos 2 a da (2a)
The slope variance along the upwind and downwind direction is then given by 24,983 The low limit of the friction velocity in the surface roughness spectrum that we used here is 12 cm s -•. The low limit is acceptable for the application when considering the history of waves and air-sea interactions. The friction velocity of 80 cm s -• is a reasonable upper limit for (4). Figure 1 shows that Kc increases with increasing frequency f of the electromagnetic wave and friction velocity of the wind. The behavior can also be seen from (4). For a constant friction velocity the roughness spectrum S (K) is fixed. The left side of (4) decreases with an increase of the wavenumber k (equivalent to frequency f), which requires an increase of Kc to maintain (4). For a given f of the electromagnetic wave, the right side of (4) increases with friction velocity because the roughness spectrum S (K) at high frequencies increases rapidly with the increase of the friction velocity, so that it requires an increase of Kc to remain the equal sign of (4). Although (4) holds, (3a)-(3c) will fail for very high wind speeds. Similar to 
where F is reflectivity. The subscripts •, and h denote the vertical and horizontal polarization, respectively. In this paper we assume that 0 > 90 ø is for the downward direction (from the atmosphere to the ocean). For a calm water surface the reflec- Where ci (see (15h)) and St (see (9)) depend on the incoming and outgoing directions of the ith reflection event. Upward directed photons (i.e., Os < 90 ø) can also take another reflection event with the surface, but the possibility of this should be small. This case is not considered in the present model owing to the limit imposed by the representation of the ocean surface elements by a surface normal distribution. The same circumstances prohibit the exact inclusion of shadowing. Another assumption is that the distribution of S(k) remains the same for all scattering processes, which is not exactly true.
The electromagnetic wave can be reflected and diffracted by small ripples before and after the reflection from the background large-scale facets. Comprehensive treatments of the scattering effects from small ripples can be found in the literature [e.g., Wu and Fung, 1972; Wentz, 1975] . We use a simple approximation (modified Fresnel coefficient) to account partly for the scattering effects. We follow Guissard and Sobieski [1987] 
Sensitivity Calculations
Further calculations were conducted to show the applicability of the present method. The dependency of brightness temperature on azimuth angle of the viewing angle influences the retrieval of the sea surface wind from SSM/I measurements [Wentz, 1992] As mentioned in section 1, difficulties arise in numerical calculations from using (7) directly because the integrand is almost a delta function for large incidence angles and a near specular reflection direction. Such problems can be avoided by using the Monte Carlo method because we simulate individual photons instead of using the delta function explicitly. Model results for large angles seem reasonable, and negative emissivities do not appear.
Discussion
Although agreement between measurements and model calculations is achieved, some problems, such as the sea roughness spectrum and the criteria for the cutoff wavenumber, need to be studied further. Only part of the scattering effect from small ripples is considered with the modified Fresnel coefficient. The application of the present model is limited for calculating signatures of the passive microwave measurements such as SSM/I. The absolute error of the model calculation is estimated to be less than 3%. Since the model is a noncoherent one, it cannot correctly treat a perfectly conducting rough surface and anomalous microwave radiative temperatures over the ice surface, i.e., larger horizontally than vertically polarized microwave radiative temperatures. A more physical model [e.g., Wentz, 1975 ] is required to account for the diffractions of the electromagnetic wave from small ripples. Different choices for the roughness spectrum and the criteria for the cutoff wavenumber can slightly change the simulated surface emissivity. In addition, the microwave emissivity of the sea surface, which is calculated from the Gaussian slope distribution, is upwind-downwind symmetric. This symmetry conflicts with the upwind-downwind asymmetry in the scatterometer response [e.g., Sobieski et al., 1991] . However, the only way to incorporate these effects, to correctly include shadowing, and to completely describe multiple scattering is the replacement of the slope distribution model by a complete ocean surface topography.
